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Enhanced Coulomb interactions in monolayer transition metal dichalcogenides cause tightly bound
electron-hole pairs (excitons) which dominate their linear and nonlinear optical response. The lat-
ter includes bleaching, energy renormalizations, and higher-order Coulomb correlation effects like
biexcitons and excitation-induced dephasing (EID). While the first three are extensively studied, no
theoretical footing for EID in exciton dominated semiconductors is available so far. In this study,
we present microscopic calculations based on excitonic Heisenberg equations of motion and iden-
tify the coupling of optically pumped excitons to exciton-exciton scattering continua as the leading
mechanism responsible for an optical power dependent linewidth broadening (EID) and sideband
formation. Performing time-, momentum-, and energy-resolved simulations, we quantitatively eval-
uate the EID for the most common monolayer transition metal dichalcogenides and find an excellent
agreement with recent experiments.
The widely investigated nonlinear optical response per-
formed on III-V quantum wells involves bleaching and
energy renormalizations of the optical transitions, as
well as non-perturbative electronic correlation effects like
biexciton formation and a spectral linewidth increase
with rising excitation density. The latter, often referred
to as excitation-induced dephasing (EID) [1–11], origi-
nates from the simultaneous optical excitation of exci-
tons and incoherent electron-hole plasma interacting via
frequency-dependent screened Coulomb interactions with
nonzero imaginary part as demonstrated within a kinetic
Markovian Boltzmann-like scattering theory [4].
However, recent advance in growth technology enabled
the fabrication of purely two-dimensional semiconductors
[12] including monolayers of transition metal dichalco-
genides (TMDCs) [13, 14]. The reduced dimensionality
and strong Coulomb interactions enabled the investiga-
tion of nearly pure excitonic systems with tightly bound
electron-hole pairs (excitons) separated by hundreds of
meV from the free particle band gap [15, 16]. Hence,
intense many-body effects make atomically thin TMDCs
to ideal candidates for studying a completely new type
of EID originating from exciton-exciton scattering in the
absence of free electron-hole plasma [17–22]. Whereas an
enhancement of the EID in monolayer TMDCs by one
order of magnitude compared to conventional semicon-
ductor quantum wells was experimentally demonstrated
[17], a profound theoretical understanding of underlying
mechanisms is still missing.
In this work, we provide a microscopic description of
EID of excitons in two-dimensional semiconductors. Our
approach is based on the excitonic Heisenberg equation
of motion formalism [23, 24] including the Coulomb cou-
pling of optically pumped excitons to (i) other excitons,
(ii) biexcitons [25–34] detectable below the energetically
lowest excitons (binding energy 2x−xx) [35–38], and
(iii) unbound solutions of the two-electron and two-hole
Schro¨dinger equation, cf. Fig. 1. The latter describe
continuous Coulomb correlated exciton-exciton scatter-
ing states setting in at twice the exciton energy 2x [39–
50] and provide new scattering channels for optically ad-
dressable excitons. Based on time-, momentum-, and
energy-resolved simulations, we quantitatively identify
the coupling of excitons to exciton-exciton scattering con-
tinua as the leading mechanism for the excitation power
dependent linewidth broadening. We calculate a linear
increase of the exciton linewidth with rising excitation
power for the most common TMDCs and find an excel-
lent agreement with available experiments [17, 20, 22].
Besides, we report excitation power dependent asymmet-
ric lineshapes with sidebands on the high energy sides
of exciton resonances, as expected from the fluctuation-
dissipation theorem, originating from the non-Markovian
interaction of excitons with exciton-exciton scattering
continua.
Excitonic description: Bound electron-hole pairs are
described by first solving the Wannier equation, which
provides the exciton energies x,λ as well as wave func-
tions ϕλ,q [51], and subsequently calculating the dynam-
ics of the excitonic interband transitions Pλ(t) [24]. λ as a
compound index incorporates the exciton state, the high-
symmetry point, and the spins of involved electrons and
holes. The Heisenberg equation of motion for optically
addressable excitonic transitions Pλ reads, cf. Supple-
mentary Section 1:
(~∂t + γ0 − ix,λ1)Pλ1
= −i dλ1Eσ±(t) + i
∑
λ2,λ3
dˆλ1,λ2,λ3Eσ±(t) Pλ2P
∗
λ3
+ i
∑
λ2
Vλ1,λ2 Pλ2 + i
∑
λ2,λ3,λ4
Vˆλ1,λ2,λ3,λ4 Pλ2Pλ3P
∗
λ4
+ i
∑
λ2,η
Wλ1,λ2,η BηP
∗
λ2 . (1)
Eq. (1) describes optical oscillations (energy x,λ1)
damped by the microscopically calculated phonon-
mediated dephasing rate γ0 [52], cf. Supplementary Sec-
tion 2. σ+(−) circularly polarized light Eσ+(−)(t) drives
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Figure 1: Excitonic correlations in monolayer TMDCs.
(a) σ+(−) polarized light introduces bound electron-hole pairs
(excitons) near the corner K(′) of the hexagonal Brillouin
zone. In the nonlinear regime, optically addressable excitons
interact via Coulomb interactions with two-electron and two-
hole Coulomb intravalley and intervalley correlations. (b) Op-
tically addressable excitons with energy x couple to intraval-
ley exciton-exciton scattering continua setting in at 2x ex-
cited by σ+ or σ− polarized light as well as intervalley biex-
citons separated by 2x−xx from the associated intervalley
exciton-exciton scattering states addressed by the simultane-
ous excitation with σ+ and σ− polarized light.
Pλ1 according to the optical selection rules [53] incorpo-
rated in the excitonic dipole matrix element dλ1 (first
term in the second line). Self-consistently solving the
TMDC Bloch equations and Maxwell’s equations deter-
mines the radiative dephasing [54]. Additionally, the
exciton-light interaction involves Pauli blocking (second
term in the second line). Coulomb scattering comprises
linear and nonlinear Hartree–Fock interactions (third
line) and the coupling of excitons to two-electron and
two-hole Coulomb correlations Bη (fourth line) [55]. η
comprises the high-symmetry points and spins of the two
electrons and two holes.
Solving the intravalley two-electron and two-hole
Schro¨dinger equation for two electrons and two holes
at the K point accesses intravalley exciton-exciton scat-
tering continua energetically above the exciton energy,
cf. Fig. 1 (b). Besides intervalley exciton-exciton scat-
tering continua, the intervalley four-particle eigenvalue
problem with one electron and hole near the K point
and one electron and hole near the K ′ point results in
bound intervalley biexcitons. Biexcitons are observed
energetically below the exciton resonance due to the
attractive interaction of two virtual excitons with op-
posite spins near distinguished high-symmetry points.
The Heisenberg equations of motion for biexcitons and
exciton-exciton scattering states Bη describe damped
(γxx) oscillations (energy xx,η) self-consistently coupling
to two excitons Pλ1Pλ2 mediated by Coulomb interac-
tions (Wˆη,λ1,λ2) [56]:
(~∂t + γxx + ixx,η)Bη = i
∑
λ1,λ2
Wˆη,λ1,λ2 Pλ1Pλ2 . (2)
Results: Self-consistently evaluating the coupled exci-
ton, biexciton, and exciton-exciton scattering continua
dynamics, Eqs. (1) and (2), together with Maxwell’s
equations [54] in an non-perturbative way accesses [57]
the nonlinear frequency-dependent absorption α (ω) =
1 − T (ω) − R (ω) defined with respect to the transmis-
sion T (ω) and reflection R (ω) [51]. Fig. 2 (a,b) shows
the absorption of the energetically lowest optically ad-
dressable exciton for resonant excitation of WSe2 on a
SiO2 substrate at 10 K with (a) circularly or (b) linearly
polarized, 40 fs pulses. With increasing pump fluence of
the exciting light field, (i) the maximum of the absorption
bleaches, (ii) the absorption peak shifts towards higher
energies, (iii) the absorption broadens, and (iv) for lin-
early polarized light a biexciton resonance appears. We
identify the following mechanisms for the different obser-
vations:
(i) The decreasing nonlinear absorption for intensified
pump fluences has two reasons – firstly, Pauli block-
ing quenching the light-matter interaction, and secondly,
exciton-exciton scattering redistributing the oscillator
strength. However, in the weakly nonlinear regime the
latter dominates and Pauli blocking is minor [58].
(ii) The excitation-induced shift of the excitonic reso-
nance energy originates from Coulomb-induced band gap
renormalization and mean field contributions. Whereas
Hartree–Fock effects (second last contribution to Eq. (1))
induce a blue shift, the exciton-exciton scattering con-
tinua (last contribution to Eq. (1)) cause a smaller red
shift. The interplay of both results in an effective blue
shift [59] as observed in coherent pump-probe experi-
ments [60–64].
(iii) The absorption spectra indicate a line broaden-
ing, cf. insets in Fig. 2 (a,b), associated with the for-
mation of a pronounced shoulder on the high energy
side of the exciton resonance. This nonlinear effect ex-
clusively arises from the Coulomb coupling among ex-
citons, biexcitons, and exciton-exciton scattering states.
To analyze the dominating effects for the broadening,
the four-particle density of states, defined as the imagi-
nary part of the corresponding two-electron and two-hole
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Figure 2: Nonlinear absorption of WSe2. (a,b) Depicted is the nonlinear absorption spectrum of monolayer WSe2 on
a SiO2 substrate at 10 K for different pump fluences. The energetically lowest optically addressable exciton is resonantly
excited by (a) circularly () or (b) linearly (↑) polarized, 40 fs pulses. The insets show the normalized and shifted absorption
revealing non-Markovian sidebands on the high energy sides of the exciton resonances which become more pronounced for
higher excitation densities. The four-particle (two-electron and two-hole) densities of states (DOS) for circularly and linearly
polarized excitation are plotted below. (c) Illustrated are the four effects observed in the microscopically calculated nonlinear
absorption, namely (i) a blocking of the absorption, (ii) a shift of the resonance energy, (iii) a line broadening originating from a
sideband formation on the high energy side of the exciton resonance, and (iv) the formation of biexcitons for linearly polarized
excitation. The shaded area represents the absorption for negligibly small excitation strength.
scattering matrix in Supplementary Section 2, is plotted
below the absorption spectra in Fig. 2 (a,b). The full
four-particle density of states shows the exciton-exciton
scattering continua above the exciton energy and an ad-
ditional biexciton resonance below the exciton for lin-
early polarized excitation. This result clearly shows that
nonlinear Coulomb scattering redistributes the oscilla-
tor strength and leads to pronounced shoulders on the
high energy side of the exciton resonances. The effect
resembles the non-Markovian coupling of excitons to the
phonon continuum which also causes a shoulder on the
high energy side accompanied by a polaron red shift [65–
67]. However, whereas phonon sidebands disappear by
lowering the temperature, the asymmetric lineshape due
to exciton-exciton interactions remains. Thus, changing
the temperature at elevated excitation power allows to
distinguish both effects in optical experiments.
(iv) For excitation with a linearly polarized pulse the
four-particle density of states exhibits a biexciton re-
sulting in a resonance energetically below the exciton in
Fig. 2 (b).
Analytical approach: To provide an experimentally ac-
cessible evaluation of nonlinear line broadening effects
in the coherent limit, we analytically extract the EID
hereinafter. Applying a second-order Born–Markov ap-
proximation to eliminate the exciton-exciton scattering
continua in Eq. (1), accesses the total linewidth of the
energetically lowest exciton P = P1s in the K valley
which linearly increases with rising coherent exciton den-
sity |P |2: [
~∂t + γ0 − iˆx + (γx − iWx) |P |2
]
P
= −i Eσ+
(
d− dˆ |P |2 ). (3)
For the derivation, associated matrix elements, and com-
parison to the full numerical approach see Supplemen-
tary Section 3. Contrary to conventional III-V semicon-
ductors, the EID in exciton dominated materials is deter-
40
1
2
3
4
5
0 0.5 1 1.5 2
on a SiO2 substrate at 10 K
Ex
ci
ta
tio
n 
in
du
ce
d
 li
ne
w
di
th
 b
ro
ad
en
in
g 
γ x|
P|
2
[m
eV
]
Exciton density |P|2 [1012/cm2]
WSe2 from Ref. [17]
WSe2
WS2
MoSe2
MoS2
0 2 4 6
Pump fluence [µJ/cm2]
0 5 10 15
(a)

0
1
2
3
4
0 0.5 1 1.5 2
hBN encapsulated at 5 K
Ex
ci
ta
tio
n 
in
du
ce
d
 li
ne
w
di
th
 b
ro
ad
en
in
g 
γ x|
P|
2
[m
eV
]
Exciton density |P|2 [1012/cm2]
Ref. [22]
MoSe2 from
MoSe2 from Ref. [20]
WSe2
WS2
MoSe2
MoS2
0 5 10
Pump fluence [µJ/cm2]
0 10 20 30
(b)

Figure 3: excitation-induced linewidth broadening.
(a) Shown is the linearly increasing excitation-induced
linewidth broadening γx|P |2 depending on the exciton density
|P |2 for MoS2, MoSe2, WS2, and WSe2 on SiO2 substrates
at 10 K for circularly () polarized excitation. The pump
fluence dependent linewidth increases are extracted from the
absorption spectra obtained from numerically solving Eq. (1)
for 40 fs circularly polarized pulses. The dependence from the
material absorption requires different axes roughly describing
molybdenum (upper, red) and tungsten (lower, blue) based
TMDCs. (b) Same as in (a) but for TMDCs encapsulated
in hBN at 5 K. The experimental data for WSe2 and MoSe2
adopted from Refs. [17, 20, 22] is divided by 1.1 and 0.3, re-
spectively, to account for our calculations showing a 1.1 times
larger or 0.3 times smaller excitation-induced linewidth in-
crease measured in transmission and reflection compared to
γx|P |2, cf. Supplementary Section 4.
mined by coherent exciton densities instead of incoherent
electron-hole densities [3–5]. Incoherent excitonic densi-
ties contribute only in the long time limit where exciton-
phonon scattering dominates [68–72]. Therefore, in the
investigated case of (near) resonant excitation, EID ex-
pressed by γx is determined by the exciton-exciton scat-
tering continua solely.
To show the impact of our calculations we analyze
recent optical wave-mixing experiments [17, 20, 22]:
Fig. 3 (a) shows the microscopically calculated linear de-
pendence between excitation-induced linewidth broaden-
ing γx |P |2 and exciton density assuming circularly polar-
ized optical excitation for monolayer MoS2, MoSe2, WS2,
and WSe2 on SiO2 substrates at 10 K along with exper-
imental data from Ref. [17]. WSe2 exhibits the largest
slope, closely followed by WS2. For a direct experiment-
theory comparison, the experimental detection geometry
(transmission/reflection) has to be taken into account to
compare the measured values to the calculated nonlin-
ear susceptibility, cf. Supplementary Section 4. For the
transmission geometry studied in Ref. [17], we find a 1.1
times larger EID compared to the EID γx of the nonlinear
susceptibility, which requires to divide the experimental
slope by 1.1. Our microscopically calculated EID for the
nonlinear susceptibility γx = 2.2 · 10−12 meV cm2 for
WSe2 is in very good agreement with the corrected mea-
sured value of 2.5 · 10−12 meV cm2 [17]. Since molyb-
denum based TMDCs exhibit smaller conduction and
valence band curvatures near the K(′) point compared
with tungsten based TMDCs [73], the EID for MoS2 and
MoSe2 are a factor of two smaller.
Fig. 3 (b) depicts the excitation-induced linewidth
broadening for TMDCs encapsulated in hexagonal boron
nitride (hBN) [74] at 5 K. Here, the enhanced screen-
ing compared with SiO2 substrates yields smaller EID.
Our calculated EID γx = 0.8 · 10−12 meV cm2 for
MoSe2 is in excellent agreement with recent experiments
which measured a slope of 0.7 · 10−12 meV cm2 [20] and
0.9 · 10−12 meV cm2 [22]. To take the reflection geom-
etry into account, where we predict a 0.3 times smaller
EID compared to the nonlinear susceptibility γx, the ex-
perimental values had to be divided by 0.3 to compare
them to our calculated values for the nonlinear suscepti-
bility, cf. Supplementary Section 4. Assuming identical
excitation conditions, we find that the largest values for
the excitation-induced linewidth broadening of a mate-
rial can be measured in absorption and the second largest
values in transmission (both larger than γx). The small-
est excitation-induced linewidth broadening is recorded
in reflection (smaller than γx).
Conclusion: We identified the coupling of excitons
to exciton-exciton scattering continua as the dominat-
ing mechanism for the EID. The frequency-dependent
linewidth broadening and shifts of the exciton resonance
cause strong deviations from the symmetric Lorentzian
lineshape. Our microscopical calculations are in good
agreement with so far poorly understood experimental
observations. We expect that our theoretical footing for
EID is widely applicable to inorganic and organic semi-
conductors with tightly bound excitons indicating strong
Coulomb interactions and pronounced many-body effects
for nonlinear excitation below the Mott transition, or
other bosonic gases in condensed matter physics [75].
Possible candidates are not only other exciton dominated
5two-dimensional structures, such as back phosphorus [76–
80] or transition metal trichalcogenides [81, 82] but also,
for instance, thin CdSe [83] or perovskite nanoplatelets
[84, 85], and organic as well as hybrid organic-inorganic
structures [86–88]. We believe that our work will trig-
ger calculations in other material systems as our descrip-
tion is applicable once the excitonic eigenvalue problem
is solved.
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